ABSTRACT: This and the companion paper present an analysis of the amplitude and time-dependent changes of the apparent frequency of a seven-story reinforced-concrete hotel building in Van Nuys, Calif. Data of recorded response to 12 earthquakes are used, representing very small, intermediate, and large excitations (peak ground velocity, v max = 0.6 Ϫ 11, 23, and 57 cm/s, causing no minor and major damage). This paper presents a description of the building structure, foundation, and surrounding soil, the strong motion data used in the analysis, the soil-structure interaction model assumed, and results of Fourier analysis of the recorded response. The results show that the apparent frequency changes form one earthquake to another. The general trend is a reduction with increasing amplitudes of motion. The smallest values (measured during the damaging motions) are 0.4 and 0.5 Hz for the longitudinal and transverse directions. The largest values are 1.1 and 1.4 Hz, respectively, determined from response to ambient noise after the damage occurred. This implies 64% reduction of the system frequency, or a factor Ϸ3 change, from small to large response amplitudes, and is interpreted to be caused by nonlinearities in the soil.
INTRODUCTION
A structure, its foundation, and the surrounding soil respond as a system. As a consequence of the soil flexibility, the system period, can be significantly longer than the building fixed-T, base fundamental period, T 1 . In the simplest model (for inplane motion), the building is represented by an equivalent single-degree-of-freedom (SDOF) oscillator with period T 1 , supported by a rigid foundation. If T R and T H are the periods associated with rigid-body rocking and horizontal translation of the structure, then the system period ϩ 2 2 T= (T ϩ T 1 R (Jacobsen and Ayre 1958; Luco et al. 1986 ). This com-2 1/2
T )
H bination rule implies that is longer than the longest of T 1 , T T R , and T H .
For large-excitation amplitudes, the response of the structure, or of the foundation soil, or of both may experience significant degree of nonlinearity, and this will further lengthen For a damaged building, T 1 will not change further unless T. there is additional damage (e.g. from aftershocks), repair work, or some other interference. In contrast, the overall ''stiffness'' of the supporting soil can ''heal itself'' (to a degree or completely) by dynamic compaction caused by subsequent moderate and small earthquakes (e.g. aftershocks), and by settlement with time.
Lengthening of during earthquake excitation has beeñ T documented in analyses of building records (Udwadia and Trifunac 1974) . Because it has been common in engineering design analyses to neglect the effects of soil-structure interaction (equivalent to setting T R = T H = 0), the observed changes in have been often interpreted to result from changes in T 1 T alone (Islam 1996; Li and Jirsa 1998) . When the changes in a This paper is dedicated to Professor Vlatko Brčić , our teacher and mentor, in recognition of his devotion, inspiring teaching, leadership and invaluable contributions to the University of Belgrade. His ideas, goals and quest for the highest standards live on through his grateful students-engineers he helped create. result mostly from changes in T R and T H , such analyses T overestimate the degree of nonlinearity in the structural response and interpret erroneously the ''observed'' ductility, drifts, and energy absorption capacity of the structural system. This problem arises because typically only large-amplitude earthquake response data are made available and are analyzed, without following up on the subsequent changes in
In fact, T. can migrate back towards its preearthquake values (Luco et T al. 1987) . Therefore, a correct interpretation of recorded earthquake response requires identification of all the sources of nonlinearity. This can be accomplished by analysis of recordings of a particular building before and after strong earthquake shaking.
Documenting the amplitude-dependent variations in is fur-T ther important for development of empirical equations for use in the design codes (Goel and Chopra 1998; Trifunac 1999 Trifunac , 2000 . Because of its dependance on the level of excitation, future empirical estimates of will have to incorporate this T dependence explicitly, to avoid inaccuracies in the estimation of earthquake load factors in buildings.
This and the companion paper Trifunac et al. (2001) describe the changes in the system frequency of a typical reinforced concrete building-a seven-story hotel in Van Nuys, Calif. (northwest part of metropolitan Los Angeles), supported by a friction pile foundation. This building is of interest because of the relatively large number (12) and variety of earthquakes recorded, causing no, minor, and major damage. The recorded earthquakes include 1971 San Fernando (M L = 6.6, R = 10 km, Fig. 1 ), 1987 Whittier-Narrows (M L = 5.9, R = 41 km), 1992 Landers (M L = 7.5, R = 186 km), and 1994 Northridge (M L = 6.4, R = 4 km). The most recent one (1994 Northridge) caused severe damage, and the building was declared unsafe. Soon after this event, two detailed ambient vibration tests of the damaged building were conducted by the writers and co-workers, providing additional data to the earthquake records (Ivanović et al. 2000) . The damage was most severe at the fifth floor where many columns failed in shear (Ivanović et al. 1999a,b; Trifunac et al. 1999a ). The specific aspects of the response causing this type of failure have not been deciphered so far. Plausible causes can be sought, for example, in the large relative deformations of the foundation system [pile caps connected by grade beams (Trifunac 1997)] or in the excessive torsional excitation ).
The analysis is organized so as to provide answers to the following questions: (1) whether the system period changes T from one earthquake to another and with time during the earthquake shaking; (2) can be neglected. This paper (Part I) presents background information about the building, the strong motion data available for the analysis, the soil-structure interaction model, and results of the overall changes of the apparent frequency from one earthquake to another by Fourier analysis of the recorded response. The companion paper [Part II, Trifunac et al. (2001) ] presents results of the ''instantaneous'' system frequency by time-frequency analysis of the recorded response, an interpretation of the observed variations in the system frequency, comparison with results of push-over analyses and a discussion of the broader implications of the observed variability of the building apparent frequency (e.g. for the building codes, for structural health monitoring and control of structural response, and regarding the possibility to exploit nonlinear response of soils to act as a sink of incident earthquake wave energy).
ABOUT THE BUILDING AND STRONG MOTION DATA

Design
The Van Nuys seven-story hotel (VN7SH) building was designed in 1965 designed in , constructed in 1966 designed in (Blume et al. 1973 ), served as a hotel until 1994, and reopened again as a hotel in 1999. Its plan dimensions are 18.9 by 45.7 m (62 by 150 ft). Fig. 2(a) -(c) shows a typical floor layout, the foundation layout, and a side view of the structure. The typical framing consists of columns spaced at 6.1 m (20 ft) centers in the transverse direction and 5.8 m (19 ft) centers in the longitudinal direction. Spandrel beams surround the perimeter of the structure. The lateral forces in each direction are resisted by the interior column-slab frames and exterior column spandrel beam frames. The added stiffness associated with the spandrel beams creates exterior frames that are roughly twice as stiff as the interior frames. With the exception of some light framing members supporting the stairway and elevator openings, the structure is essentially symmetric. Except for two small areas at the ground floor, covered by one-story canopies, the plan configurations of the floors, including the roof, are the same. The floor system is a reinforced concrete flat slab 25.4 cm (10 in.) thick at the second floor, 21.6 cm (8.5 in.) thick at the third to seventh floors and 20.3 cm (8 in.) thick at the roof. The north side of the building, along column line D [Figs. 2(a) and 3] has four bays of brick masonry walls located between the ground and the second floor at the east end of the structure. Nominal 1-in. (2.54 cm) expansion joints, separate the walls from the underside of the second floor spandrel beams. Although none of the wall elements described are designed as a part of the lateral force-resisting system, they do contribute in varying degrees to the stiffness of the structure.
The foundation system [Fig. 2(b) ] consists of 96.5-cm (38-in.) deep pile caps, supported by groups of two to four pouredin-place 61-cm (24-in.) diameter reinforced concrete friction piles. These are centered under the main building columns. All pile caps are connected by a grid of the beams. Each pile is roughly 12.2 m (40 ft) long and has design capacity of over 444.8 kN (100 kips) vertical load and up to 88.96 kN (20 kips) lateral load. The structure is constructed of regular weight reinforced concrete (Blume et al. 1973) .
The site lies on recent alluvium, with 300 m/s average shear-wave velocity in the top 30 m. A typical boring log [ Fig.  2(d) ] shows the underlying soil to be primarily fine sandy silts and silty fine sands. 
Earthquake Recordings
The 12 recorded earthquakes are listed in Table 1 . The first five columns show the earthquake number, name, date, magnitude, and epicentral distance, and column marked G, max shows the peak velocity recorded at ground level. The other columns summarize results and are explained in the following sections of this and of the companion paper (Trifunac et al. 2001) . Closest to the building were the sources of the 1971 San Fernando and of the 1994 Northridge earthquakes and two of the latter's aftershocks. Fig. 1 shows the building location, the major freeways, the fault planes of these two earthquakes, the epicenters of the two aftershocks of the latter (two stars), and arrows toward the epicenters for the more distant recorded earthquakes. It is seen that, during the 1971 San Fernando earthquake, the first strong motion waves started to arrive from N22ЊE, having originated at depth 9-13 km below the epicenter. With rupture propagating up towards south at about 2 km/s, the last direct waves were arriving from N 62ЊE, 9-10 s later (Trifunac 1974) . The 1987 Whittier-Narrows, 1992 Landers, and 1992 Big Bear earthquakes occurred at epicentral distances R = 41, 196, and 149 km and caused strong motion arrivals from E 27ЊS, East, and E 1.5ЊS, respectively. During the 1994 Northridge earthquake, the first motions started to arrive from the west, with the last arrivals coming from N42ЊW, about 7-10 s later (Wald and Heaton 1996) .
The 1971 event was recorded by three self-contained triaxial AR-240 accelerographs, and the other events were recorded by a CR-1 recording system (the sensor locations for both recording systems are shown in Fig. 4 ). The records of the San Fernando earthquake were digitized manually, at a sampling rate of minimum 50 points per second (Trifunac and Lee 1973; , of the Whittier-Narrows, Landers, Big Bear, and Northridge earthquakes were digitized by the California Division of Mines and Geology (e.g., Shakal et al. 1994) , and of the other earthquakes were digitized by the writ- ers using the LeAuto software (Lee and Trifunac 1990) 1997) .
A study by Trifunac et al. (1999b) of the displacements during the Northridge earthquake recorded by channels 1, 2, 3, and 13 [ Fig. 4(b) ] showed that during the larger amplitudes of relative response, the contribution of torsion within the building to the peak relative response at channel 2 was 20-40%.
Earthquake Damage
The February 9, 1971, San Fernando earthquake caused minor structural damage. Epoxy was used to repair the spalled concrete of the second-floor beam column joints on the north side and east end of the building. The nonstructural damage, however, was extensive and about 80% of all repair cost was used to fix the drywall partitions, bathroom tiles, and plumbing fixtures (Blume et al. 1973) .
The building was damaged again by the Northridge earthquake of January 17, 1994 and its aftershocks. The structural damage was extensive in the exterior north (D) and south (A) frames, designed to take most of the lateral load in the longitudinal direction. Severe shear cracks occurred at the middle columns of frame A, near the contact with the spandrel beam of the fifth floor (Fig. 3) . Those cracks significantly decreased the axial, moment, and shear capacity of the columns. The shear cracks that appeared in the north (D) frame on third and fourth floors, and the damage of columns D2, D3, and D4 on the first floor caused minor to moderate changes in the capacity of these structural elements. No major damage of the interior longitudinal (B and C) frames was noticed. There was no visible damage in the slabs and around the foundation. The nonstructural damage was significant. Almost every guestroom suffered considerable damage. Severe cracks were noticed in the masonry brick walls, and in the exterior cement plaster ).
Ambient Vibration Tests
Two detailed ambient vibration experiments were conducted by the writers and coworkers following the 1994 Northridge earthquake, one on February 4-5, 1994, and the other one on April 19-20, 1994 , following the M = 5.2 aftershock of March 20, 1994 2000) . From the measurements in the transverse [north-south (NS)] direction, the following apparent modes and frequencies were identified: first translational (1.4 Hz), first torsional (1.6 Hz), second translational (3.9 Hz), and second torsional (4.9 Hz). The frequencies for the respective modes determined from the measurements in the longitudinal [east-west (EW)] direction were 1.0, 3.5, 5.7, and 8.1 Hz.
MODEL
We adopt the simplest soil-structure interaction model, i.e., a building supported by a rigid foundation (Fig. 5) . The rigid foundation assumption is convenient because it reduces to a minimum the number of degrees of freedom associated with the interaction. In reality, this is not true. For this same building, detailed measurements of microtremors at ground level inside and outside the building revealed that the foundation is flexible ). The rigid-base model response can be viewed therefore only as a rough approximation for the response to low-pass filtered ground motion.
The motion of this model can be described by displacements U g , U 0 , and U j , and by a rotation ⌽ 0 , where U g is horizontal ground motion at the surface caused by the passage of earthquake waves, U 0 and ⌽ 0 are local horizontal displacement and foundation rocking (relative to the free-field motion) caused by soil-structure interaction, and U j is horizontal displacement from deformation of the structure relative to the moving reference frame attached to the foundation. The total horizontal displacement at level j is
A horizontal sensor at level j measures as given in (1), tot U j and one at ground level measures
The difference between the two is tot tot
Then, the relative response U j can be extracted from earthquake recordings only if the foundation rocking, ⌽ 0 , is known. Rotation ⌽ 0 can be estimated from a pair of two vertical recordings at the base, or from a pair of one vertical recording at the base and one on the roof, if the foundation is rigid. Unfortunately, often only one vertical recording at the base is available (which is the case with the building in the present paper), and U j cannot be extracted directly.
We consider one further modeling approximation. We approximate the relative response U j by the first mode of vibration. The effect of this simplification is analogous to low-pass filtering the relative building response.
Let 1 = 2/T 1 be the circular frequency corresponding to the building first fixed-base mode. Because the building and the soil respond as a system, the circular frequency of the system, will be different from 1 . For linear sys-= 2/T, tems, the following approximate relation holds (Luco et al. 1986 ):
where R = 2/T R and H = 2/T H are rocking and horizontal frequencies associated, respectively, with horizontal and rocking rigid body motions of the structure (these depend on the soil material properties and on the foundation shape). This equation implies that is smaller than the smallest of 1 , H , and R . Then, if 1 is smaller than H and R (flexible structure on very stiff soil), Շ 1 . Similarly, if R is smaller thañ H and 1 , Շ R . For the VN7SH building, frequencies R and H are difficult to evaluate theoretically because the building is on a pile foundation. However, it is known from analytical and numerical models that usually R << H (Luco et al. 1986 ), 1 can be estimated from the distribution of mass and stiffness in the building, and can be estimated from the frequency characteristics of measured building response. It can be expected that will decrease with increasing amplitudes of response due tõ nonlinearities in the building and soil response. This will be confirmed by the presented results.
In spite of the fact that soil-structure interaction studies have been conducted as early as the 1930s (Sezawa and Kanai 1935; Biot 1942 ) the interaction is often ignored in analyses of building response. In such simplified analyses, the system period is viewed as the building period and the is regarded tot tot
as the relative building response.
In the following, we express in terms of reference (initial) values of 1 , R , and H and changes in the building and soil stiffness. We introduce where K 1 and K MM = current values of parameters related, respectively, to the stiffness of the oscillator representing the building and to the rocking stiffness of the foundation (Luco et al. 1987) ; and = their reference (initial) values.K and K
MM
Then (4) can be rewritten as
1 R where = current state, and R = reference (initial) state. Wẽ assume in our analysis that H >> R , which is often the case, and which implies ␣ >> 1. Next, we express and (i.e. the changes in stiffness) in terms of the current system frequency and the initial frequencies 1 , R , and ␣ Eqs. (8)- (10) will be useful in making inferences about given initial estimates 1 , R , and changes in the stiffness ( and ), as well as in making inferences about changes in stiffness given , 1 , and R .
RESULTS AND ANALYSIS
Overall Changes of System frequency Inferred from f Fourier Analysis-Indications of Nonlinearity
To study the overall amplitude-dependent changes in the system frequency first the apparent building rock-f = /(2), ing responses of the VN7SH building for the EW and NS vibrations were evaluated. Because there were not enough vertical sensors in the VN7SH, it was not possible to estimate and then to subtract the building motion due to foundation rocking, and to compute the transfer-function of the building response relative to its foundation. Instead, rocking angles x (t) and y (t) were computed representing, for longitudinal (EW) and transverse (NS) motions, the sum of the oscillator rocking due to foundation rocking and due to deflection relative to the base. These were computed as follows: where v i indicates the displacement of sensor i and H is the building height (see Fig. 4 for sensor locations and the building sketch in Fig. 6 for the coordinate axes orientation). These angles can be termed ''apparent building rocking angles.'' We note that, for the 1971 San Fernando earthquake, the number and position of the sensors [see Fig. 4(a) ] were different, and x (t) and y (t) were evaluated as
Also, for the 1987 Whittier-Narrows earthquake, displacement v 16 (t) was not available, and we used v 12 (t) to approximate x .
Because the earthquake excitation is a broadband process, and a (linear) oscillator acts as a narrow band-pass filter of the input motion, the Fourier spectra of the system output, i.e. of relative responses x and y , will have similar shape as the corresponding system transfer functions, and can be used to identify the building-foundation-soil system frequencies. For a linear system, there would be clear peaks in the spectra, and these peaks would repeat for all earthquakes, regardless of the level of response. Table 1 for details about these earthquakes and the recorded motions). We plot these spectra for f < 1.6 Hz because for larger frequencies the amplitudes were small and there were no identifiable peaks. We also show in these plots, by bold vertical dashes, the apparent frequencies for the first several modes, as identified from the first ambient vibration experiment mentioned previously. We recall here that the Northridge earthquake (the one that shook the structure the most) caused visible structural damage, and that the first ambient vibration test was conducted after this damage occurred and before any repair or other known interference.
The first impression of the spectra in Fig. 6 is that for all the five earthquakes, the bulk of the energy of the system response is associated with frequencies smaller than the system frequencies identified from the ambient vibration tests, and that there are no clear narrow peaks that are repeated for all the earthquakes. Instead, where the spectrum amplitudes are the largest, the ''peaks'' are broad or there are multiple peaks, which occur at lower frequencies for the earthquakes that shook the site more severely. This behavior indicates softening type of nonlinearity somewhere in the system.
We interpret the broad low-frequency ''peak'' or multiple quency The peaks are broad and multiple peaks occur bef. cause these spectra represent the frequency characteristics of the response averaged over the entire duration of shaking. Because of the varying level of response during a particular earthquake shaking, and hence varying degree of nonlinearity, varies during the shaking, resulting in broad or ''multiple'' f peaks over a bandwidth of frequencies.
Further we observe that is always smaller for the earthf quake excitations than for ambient vibrations. It is noticeably smaller even for the small earthquake motions (e.g. Whittier, Big Bear, and Langers earthquakes), and is the smallest for the Northridge earthquake. For the EW motions, drops tõ f Ϸ0.5 Hz from Ϸ1.0 Hz measured during the ambient vibration tests. For the NS motions, it drops to Ϸ0.4 Hz from Ϸ1.4 Hz measured during the ambient vibration tests. We use these values to estimate the change in which we describe by thẽ f, factor of change and percentage of change (˜f /f fϪ max min max which we tabulate in Table 2 . We see that changes˜f )/f , f min max by a factor of 2.22 for EW motions and 3.5 for NS motions. The percentage changes are 55% and 71%, respectively. tests), the system frequencies changed from one earthquake to another and as a function of the level of shaking. The frequencies were the highest as measured from the ambient vibration data and were the lowest during the largest shaking (from the 1994 Northridge earthquake). The maximum change is a reduction by factors of about 2.2 and 3.5 or by 55% and 71%, respectively, for EW and NS vibrations. We conclude that the system frequency of a building can change from one earthquake to another, that the change can be as large as a factor of 3.5, and that it is consistent with a ''softening'' type of system behavior. We interpret these changes to be mainly due to nonlinearity in the response of the foundation soil. It would be valuable to perform similar studies for other instrumented buildings so that a body of sound observational evidence can be gathered for refinement of empirical estimation of building period formulas, with specific emphasis on changes that depend on the response amplitudes. Empirical estimation of ''building periods'' is the starting point for most earthquake-resistant design codes (Goel and Chopra 1998; Trifunac 1999; 2000) , but most studies that developed empirical relations so far have used only one or few recordings per building, which is not sufficient to estimate the range of possible changes. Much of the strong-motion data required for such studies has been recorded and archived, but is not processed and disseminated to researchers, presumably because of the popular belief that only very-strong-motion amplitudes are required for engineering studies.
The inadequate instrumentation of this building for soilstructure interaction studies (i.e. lack or improper placement of vertical transducers at foundation level) is typical for most instrumented buildings. With the current advances in sensitive rotational sensors and excellent digital recording capabilities, it is time now to instrument large numbers of representative buildings with strong-motion instruments that measure all six components of motion (three translations and three rotations). Accurate and concurrent data on translations and rotations will enable analysis and interpretation of soil-structure interaction phenomena during response of actual full-scale structures. This will advance further the value of full-scale measurements of response and will help select and calibrate better models of soil-structure systems for nonlinear response analyses.
